The paper presents an optimization of car aerodynamic properties using the simulation software STAR-CCM+. For real simulation was used tested car Fiat 127 which was modified on the performance car. The basic objective of this work is using computer simulations to obtain knowledge about the impact of individual body parts on the results of aerodynamic drag, downforce or lift. Based on the results, bodywork modifications will be designed to improve the aerodynamic characteristics of the body, but would not disrupt the basic shape and appearance of the vehicle. The modifications will be again subjected to tests in simulation software. On the modified body was significantly reduced torque of the front axle, while increased of rear axle (cca 1250 N.m). This caused a significant stabilizing effect on the rear axle. The results of simulation tests before and after use bodywork modifications are processed in graphical and numerical form.
INTRODUCTION
Vehicle aerodynamics, whether conventional or sport cars, is very important. The main reasons why vehicle manufacturers around the world deal with aerodynamics are mainly reduced consumption, increased performance, improved vehicle stability and ultimately reduce the noise level when the vehicle is traveling. It also has a big impact on his handling, maneuverability and the ability to transmit traction and braking forces to the road at high speeds (Sloboda et al., 2008) . Since the detection of aerodynamic characteristics using wind tunnels is very expensive, based on theories and knowledge gained in measurements have been developed simulation software with mathematical models which allow to calculate, with some accuracy, the behavior of the flowing medium in a given area, as well as its effects on any object placed in this space. Using this software could apply calculations also to complex and large objects (e.g. vehicle). Calculations require very powerful computers with multi-core processor. The calculation time can range from a few hours to several days. Even though these processes are time and computationally consuming, virtual simulations are much cheaper than the real model tests in a wind tunnel (Vančura et al., 2010) .
Curently there are several specialized computer programs oriented in fluid dynamics (inter alia) know as CFD. Computational Fluid Dynamics (CFD) presents an analysis of the flow, heat transfer and associative phenomena as chemical reactions by using computer simulation. This technique is very powerful and represents a wide range of applications in industrial and non-industrial applications. There is only few good enough CFD software that can satisfy demanding simulations of aerodynamic of the vehicle. Currently, most of the organizations use Fluent, Autodesk CFD, STAR-CCM + and PowerFlow.
Program ANSYS Fluent, thanks to its wide application in the analysis of fluid flow, heat exchange and mass transfer and chemical reactions is one of the most common and most widely used commercial CFD programs. The basis of the ANSYS Workbench environment menu from which can be selected systems and by correct selection obtain the desired results (ANSYS, 2016) .
Autodesk Simulation CFD software provides fast, accurate and flexible fluid flow which helps predict product performance, optimize design and validate product behavior before manufacturing. Minimizing reliance on costly physical prototypes and getting innovative products to market faster. The program is not directly designed to simulate the aerodynamics of cars. It is almost an adjunct to modeling programs to verify product characteristics (Autodesc, 2016) .
PowerFlow is CFD simulating program from Exo company. It imports fully complex model geometry and accurately and efficiently performs aerodynamic, aeroacoustic and thermal management simulations. The biggest advantage of the program consists in calculating the aeroacoustic. This include for example underbody wind noise, gap noise, mirror, whistle and tonal noise, sunroof and window buffeting, pass-by, noise and cooling fan noise (Exa Corporation, 2016) .
Program STAR-CCM+ from CD-adapco company is one of the most used software to aerodynamics simulations. STAR-CCM+ is designed to entirely automate the simulation workflow and perform iterative design studies with minimal user interaction. STAR-CCM+ is developed to be accurate, efficient, easy to use and user friendly (CD-Adapco, 2009 ).
The paper aimad to assess the design and aerodynamics modification to the bodywork for the race car FIAT 127 apecially modified (motor power over 310 kW) for accelerating dragster race car at a distance 200 and 400 m. Competing car showed a significant directional instability at higher speeds (about 180-200km.h −1 ) tending to swim along the way and rotate about Z axis and becomes uncontrolled skid.
MATERIALS AND METHODS
Researched object was a model of experiment vehicle Fiat 127 (Fig. 1) Combining the spatial curves were created outside surfaces of the bodywork. Adding a volume to surfaces create a solid model, in which was created inner mudguards, engine space and various vents, which could be also found on the real vehicle. In order to monitor the flow into the engine compartment and in various inner body points, a model of vehicle's left side was created (Fig. 2) . Since the vehicle is completely symmetrical, there was no need to do simulation testing also for the other half of the body.
Computer model of testing vehicle was created in 1:1 ratio. The test environment consisted of a tunnel with dimensions 5×5.5×55 m. Before meshing, the body and the environment were inverted, so that the volume of the body was cavity and the air around and inside the car became a volume (Fig. 3) . Inverted model was then imported into the simulation program STAR-CCM+.
To compile the simulation was necessary to enter environmental characteristics, test conditions and define the properties of objects into the program (Tab. I). Body was divided to individual parts (e.g. hood, roof, etc.), whose properties were meant to be examined. The next step was meshing model, thus creating a network of polygons. Computer model of the vehicle and wind tunnel was created in CAD computer software SolidWorks 2010. To simulate the action of aerodynamic effects on the body was used computer program STAR-CCM+.
The simulation was carried out on a computer with 12 core processors.
For a calculation of local air flow speed in any point, could be applied modified Bernoulli's equation (1). For these calculations is necessary to know value of ambient air density, speed of ambient air (vehicle speed), pressure of ambient air (atmospheric pressure) and static pressure in measured point. From this equation (1) is possible to see that, as the air flows faster around the vehicle, pressure will be reduced. To present a data of drag and lift in non-dimensional form, the measured forces must be divided by the square of the velocity, air density and the cross-sectional area of the vehicle. This will define the drag and lift coefficients. For a calculation of aerodynamic drag coefficient can be used STAR-CCM+ simulation soft ware calculates the amount of the forces and torques in all three axis X, Y, Z. STAR-CCM+ also allows graphical display of streamlines, fl ow velocities, and the pressure on various parts of the model. Calculated amounts of forces which acting on individual body parts are shown in Tab. II.
The amount of force "F x " acting on various parts of the body is graphically illustrated in Fig. 4 . Another simulation output was the amount of a numerical representation of lift or downforce (F y ) acting on various parts of car. Graphical illustration of force "F y " is shown on Fig. 5 (Katz, 2006) . A very important output of performed simulations was also express of value and direction of torques, generated by aerodynamic forces, acting on the individual axles. The center of rotation of these torques are in the middle of the axis of rotation of the front and rear axles. Calculated eff ects of forces Fy acting on individual vehicles parts and consequently of the torque applied to the vehicles axles, implicit that torque has a positive sense and loads the front axle more, causing the rear axle to be lift ed at high speed.
According to the results of the simulations were selected body parts which are most involved in the formation of undesirable aerodynamic properties of the vehicle.
In terms of aerodynamic drag (force "F x ") it can be seen that on the stock body was higher value of drag at the front face and the front fender, followed by rear window, rear panel and the top of the rear fender. On the contrary, on the roof and front hood has force "F x " opposite direction. On individual parts of the body also acts downforce or lift force "Fy". If the force "F y " is positive, it is referred as a lift force and consider it undesirable because it lift ing vehicle, which impairs traction between tire and road. If the force "F y " has negative direction, it is referred as the downforce and in our case it is considered as desirable because it improves tire contact with the road. From the simulation results it can be seen that the stock car body has a largest lift force on the roof of the vehicle. Much smaller lift force is applied to almost all parts of the body except the fl oor. Floor of the vehicle is only one monitored place where the force "F y " has negative direction and helps to reduce the overall lift of the vehicle.
Results of simulations were evaluated and modifi cations of the body were proposed to improve the aerodynamic characteristics of the vehicle. To improve the aerodynamic characteristics of vehicle, Any used modifications subject to the condition that they must not radically change the outer contour and the basic shape of the body. Based on the proposed modifications was created a modified three-dimensional computer model of the body. On Fig. 6 are (by light color) shown modifications that were made on the car body.
RESULTS AND DISCUSSION
Modified three-dimensional computer model of the car with applied the proposed solutions was subjected to simulations in the program STAR-CCM+ under the same test conditions as the stock model of car. The calculated values of the forces acting on the individual parts of the vehicle model, before and after modification are shown in Tab. III. At Fig. 7 is shown a graphical comparison of the size of the force "Fx" on the individual vehicle parts for stock and modified version of the body. Another output was the comparison forces "Fy" acting on individual parts of the stock and modified body (Fig. 8) . The modifications of body brought with it a change in the value of the frontal area of the vehicle and also change the aerodynamic coefficients (Tab. IV). Tab. V shows a comparison of the calculated values of the moments acting around the axis Z. The center of rotation of moment is placed in axe of the rear axle.
Graphical comparison of trajectories of streamlines and color resolution of airflow speeds around the stock and modified body are shown in Fig. 9 .
The simulation program has also provided the possibility of graphical representation of air pressure acting on the individual points of the car model. This graphical representation is determining in which areas of bodywork occurs negative pressure or positive pressure. In Fig. 10 During the solving of the aerodynamic problems of racing car Fiat 127 has been designed and tested several solutions to improve stability. Selected modifications, which have based on simulations positive-going impact on this parameter projected are listed in the paper. Knowledge and assessments resulting from the analysis of the aerodynamic properties of the vehicle body of the program STAR-CCM+, have been used in real conditions. It was mainly performance by increasing downforce F y . The proposed modifications were implemented in practice, on the vehicle and thoroughly tested on the race track. Car really showed improved longitudinal and lateral stability, which provide better maneuverability and greater safety of the vehicle.
The results of computer simulations are confirmed and disscuted by basic theory and practice tests. Generally, air resistance is the result of normal air pressures on body surface and friction forces acting in the tangential direction of air flow around the bodywork. The undesired pressure above and below the vehicle (high vacuum under the vehicle, slight overpressure under the vehicle) causes the air to swirl in the transverse plane of the vehicle (so-called induced air resistance), which is another component of the overall air resistance (Vlk,2001 ).
Airborne resistors are also included in the overall air resistance of the vehicle as a result of the passage of air through the cooler and the ventilation system, and the resistances produced by swirling and frictioning air on the rotating wheels (Vlk, 2001 , Sloboda et al., 2008 . Buljac et al., 2016 and Damjanovic et al., 2011 in their CFD aerodynamics analysis of car came to the end, that during moving vehicle, the air slows down when it approaches the front of the car and results in that more air molecules are accumulated into a smaller space. Once the air stagnates in front of the car, it seeks a lower pressure area, such as the sides, top and the bottom of the car. As the air flows over the car hood, pressure is decreasing, but when reaches the front windshield, it increases briefly. When the higher-pressure air in front of the windshield travels over the windshield, it accelerates, causing the decrease of the pressure. This lower pressure literally produces a lift -force on the car roof as the air passes over it. Therefor there must be use some modification to improvement downforce of vehicle. The wing is a very efficient aerodynamic add-in, because it creates lots of downforce and thereby with small effect to increasing drag. Rear wing generally considered to improve the race car aerodynamics as a favourable downforce is obtained while the drag force is increased as well. The rear wing has big significance to the turbulences. It can be seen that in case of the redesigned car geometry there is less turbulences behind the car and the turbulent zone is cleaner.
CONCLUSION
From the performed simulations, it is clear that the vehicle body was not designed by the manufacturer for using at high speeds. At a speed of 190 km.h −1 , the resulting lift force (Fy) exceeds almost 187 N. Aerodynamic simulation by a computer program STAR-CCM+ has helped to build up a picture of the aerodynamic properties of individual body parts of experimental vehicle and identify those parts of bodywork, which modification could lead to an improvement of these properties. After analyzing the test results of the original bodywork, modifications of car computer model were implemented, so that airflow was optimised around the problematic parts in order to increase overall downforce and transfer the point of action closer to the rear axle of the vehicle. At the same time, the goal was set to not increase too much aerodynamic drag of the vehicle, and also to not change the basic outer contour and shape of bodywork radically. Simulations performed on the modified model partially confirmed the correctness of our solutions. The resulting lift force of bodywork (Fy) changed its size and direction. Instead of the original value of lifting force 187 N modified body generate downforce 503 N. On the modified body was also reduced torque in the axis of the front axle MZ1, while increased torque MZ2 in the axis of the rear axle (to −1251 Nm). This change caused a loading the rear axle, without adverse lifting effect on the front axle. The proposed modification was really implemented on race car FIAT 127 and verified in the race, noting increasing driving stability even at high speeds.
